The main purpose of this paper is to analyze the energy production in the Maltese islands, focusing on the employment of renewable energies in order to increase their energy independence. The main renewable source here proposed is wave energy: thanks to a strategic position, Malta will be able to produce electrical energy using an innovative type of Wave Energy Converter (WEC) based on the prototype of a linear generator realized by University of Palermo. The use of this new technology will be able to cut down the electrical energy production from traditional power plants and, consequently, the greenhouse gas emissions (GHG). Wave energy source and off-shore photovoltaic (PV) technology are here proposed. Particularly, the installation of 12 wave farms, for a total installed capacity of 86 MW, will generate about 9.5% of Malta's energy requirement in 2025, while the installation of 9.6 MW of off-shore PV will generate about 0.73%.
Introduction
The electrical power production is almost completely based on diesel generators in many islands in the Mediterranean Sea [1] . The fuel is usually shipped by mainland and long underwater cables sometimes connect the small islands to the mainland [2] . Due to these reasons, in small islands, the electrical power production shows higher operating costs and losses than in mainland [3] . The use of Renewable Energy Sources (RES), such as solar, wind, biomass and sea wave, will produce a reduction in energy dependence on fossil fuels and the improvement of the efficiency of the electrical grid [4] . The RES also contribute to the reduction of greenhouse gas (GHG) emissions and environmental pollution. After the ratification of the Kyoto Protocol, the European Community undertook measures to cut its GHG emissions by 8% of 1990 levels [5] . According to the European Directive 2009/28/EC (Annex I), Malta is required to produce 10% of its energy from RES in gross final consumption by 2020 [6, 7] . Malta's target is considerable, although it is lower than other European Countries, because Malta presents quite particular conditions, such as other Mediterranean islands: high population density, limited available land and an ever increasing electricity demand. In order to achieve the environmental and energetic targets [8] , Malta will have to use all available renewable sources [9] . Moreover, Malta's electrical grid needs several developments in order to minimize the electrical problems caused by varying power outputs of RES, such as wind, solar and sea wave [10] . The following Figure 1 shows the properties of the future grid. Every available RES will be used to produce electrical energy [11] . In order to match the electrical load and the electrical production by RES, new innovative storage systems have to be developed. Among various RES, in the last years the wave energy source, thanks to its great potential, has sparked great interest, evidenced by several prototypes and researches [12] . This work analyses the wave energy source along Malta's coasts, which can be exploited to produce electrical energy using an innovative Point Absorber, which directly converts the mechanical energy of sea wave into electrical output, minimizing the energetic conversion losses [13] . This system is based on a new linear generator prototype realized by Department of Energy of University of Palermo (Italy).
In particular, Section 2 of this paper reports some geographical and climate data about Malta's archipelago. Section 3 analyzes the electrical energy demand in Malta during the last years. Section 4 describes the sea wave energy potential along Maltese coasts. Section 5 describes an energy converter, designed and developed by Palermo University, able to exploit wave and solar sources at the same time. Finally, Section 6 proposes an energetic scenario based on the energy converter of Palermo University, evaluating the annual electrical production and the avoided CO2 emissions.
Maltese Archipelago
Malta's Country is an archipelago, located in the middle of the Mediterranean Sea. It is situated at 80 km south of Sicily, 284 km east of Tunisia and 333 km north of Libya. The capital city is Valletta, with the geographical coordinates 35°53' N-14°35' E. It is situated in the largest island (called also Malta) of the archipelago, as shown in Figure 2 .
Malta covers an overall area of 316 km 2 , so it is one of the smallest European Countries. The Maltese Archipelago is characterized by a high population density (1318 in./km 2 , 2012) . The main island (Malta) has a population of about 368,250 inhabitants (2012), while the total population is about 416,515 inhabitants (2012). The Maltese Archipelago is composed by several islands, but only the biggest three of them are populated: Malta Island (245.8 km 2 ), Gozo (67.1 km 2 ) and Comino (2.8 km 2 ), as shown in Figure 2 . The archipelago includes also 18 uninhabited smaller islands. There are numerous bays along the indented coastline of the islands.
Malta's islands are mainly rocky, with terraced fields, dry vegetation, rock and limestone. In the Maltese Archipelago, permanent rivers or lakes are absent; during autumn and winter, rains form torrents. The annual rainfall in Malta is low, about 578 mm per year. In order to overcome the limited availability of water in the inhabited islands of Malta, six desalination plants are installed, two of which are always on. Among various RES, in the last years the wave energy source, thanks to its great potential, has sparked great interest, evidenced by several prototypes and researches [12] . This work analyses the wave energy source along Malta's coasts, which can be exploited to produce electrical energy using an innovative Point Absorber, which directly converts the mechanical energy of sea wave into electrical output, minimizing the energetic conversion losses [13] . This system is based on a new linear generator prototype realized by Department of Energy of University of Palermo (Italy).
In particular, Section 2 of this paper reports some geographical and climate data about Malta's archipelago. Section 3 analyzes the electrical energy demand in Malta during the last years. Section 4 describes the sea wave energy potential along Maltese coasts. Section 5 describes an energy converter, designed and developed by Palermo University, able to exploit wave and solar sources at the same time. Finally, Section 6 proposes an energetic scenario based on the energy converter of Palermo University, evaluating the annual electrical production and the avoided CO 2 emissions.
Malta's Country is an archipelago, located in the middle of the Mediterranean Sea. It is situated at 80 km south of Sicily, 284 km east of Tunisia and 333 km north of Libya. The capital city is Valletta, with the geographical coordinates 35 • 53' N-14 • 35' E. It is situated in the largest island (called also Malta) of the archipelago, as shown in Figure 2 .
Malta covers an overall area of 316 km 2 , so it is one of the smallest European Countries. The Maltese Archipelago is characterized by a high population density (1318 in./km 2 , 2012). The main island (Malta) has a population of about 368,250 inhabitants (2012), while the total population is about 416,515 inhabitants (2012). The Maltese Archipelago is composed by several islands, but only the biggest three of them are populated: Malta Island (245.8 km 2 ), Gozo (67.1 km 2 ) and Comino (2.8 km 2 ), as shown in Figure 2 . The archipelago includes also 18 uninhabited smaller islands. There are numerous bays along the indented coastline of the islands.
Malta's islands are mainly rocky, with terraced fields, dry vegetation, rock and limestone. In the Maltese Archipelago, permanent rivers or lakes are absent; during autumn and winter, rains form torrents. The annual rainfall in Malta is low, about 578 mm per year. In order to overcome the limited availability of water in the inhabited islands of Malta, six desalination plants are installed, two of which are always on. Due to its latitude and the central location in the Mediterranean Sea, Malta has a Subtropical Mediterranean climate with very mild winters and warm summers. The average yearly temperature is around 23 °C during the day and 16 °C in the night. January is the coldest month of the year, while August is the hottest. The average annual temperature of the sea is 20 °C, ranging from 15 to 16 °C in February to 26 °C in August. Winters in Malta are usually mild, but during the winter months it tends to get windy from wind blowing from the north-east and with a main maximum speed about 80 km/h [14] . Concerning the solar radiation, in Malta there are about 3000 sunlight hours per year, with a minimum daily average of 5.2 h in December to a maximum daily average of 12 h in July [15] .
Electrical Energy Production in Malta
In Malta's archipelago, the electrical power production is almost completely based on fossil fuel power plants. For example, in 2005, 100% of electricity was generated from oil [16] and, in the same year, transport fuel was fully of petroleum origin. Furthermore, in Malta's archipelago, fossil fuel resources, such as oil, coal or natural gas, are totally absent, so all these resources must be imported from other countries, which are often characterized by geopolitical instability. Therefore, the purchase of fossil fuels represents the most relevant import element for Malta.
Maltese fossil-fuel power plants are property of Enemalta Corporation (EMC). Electrical energy is mainly generated at the Delimara Power Station (with an installed power of 444 MW), located in the south-east part of Malta's Island. The power station is composed by conventional steam turbines (2 × 60 MW), an open cycle gas turbine (2 × 35 MW), one combined cycle plant (110 MW) and eight Wartsilla 18V46 four-stroke medium speed diesel engines (operating in a combined cycle with one steam turbine, with an overall power of 144 MW) [17] . In the past, another important plant was installed at Marsa (with an installed power of 155 MW), but nowadays it is in decommissioning stage [17] . Therefore, in the past, the total traditional installed capacity was about 599 MW, but nowadays is only 444 MW, concentrated in Delimara power station. The renewable power plants capacity does not exceed 14 MW [18] .
In order to overcome the growing demand of electrical energy, the Malta-Italy Interconnector was inaugurated in April 2015, connecting the Italian station located in Ragusa (Sicily) to the Maltese station, located in Malta at Qalet Marku, Baharic-Caghaq. This Interconnector comprises a 120-km Due to its latitude and the central location in the Mediterranean Sea, Malta has a Subtropical Mediterranean climate with very mild winters and warm summers. The average yearly temperature is around 23 • C during the day and 16 • C in the night. January is the coldest month of the year, while August is the hottest. The average annual temperature of the sea is 20 • C, ranging from 15 to 16 • C in February to 26 • C in August. Winters in Malta are usually mild, but during the winter months it tends to get windy from wind blowing from the north-east and with a main maximum speed about 80 km/h [14] . Concerning the solar radiation, in Malta there are about 3000 sunlight hours per year, with a minimum daily average of 5.2 h in December to a maximum daily average of 12 h in July [15] .
In order to overcome the growing demand of electrical energy, the Malta-Italy Interconnector was inaugurated in April 2015, connecting the Italian station located in Ragusa (Sicily) to the Maltese station, located in Malta at Qalet Marku, Baharic-Caghaq. This Interconnector comprises a 120-km high voltage (220 kV) alternating current system, capable of bidirectional flow of electrical power, transferring 200 MW of electricity [17] .
The electrical distribution grid in Malta operates with four voltage levels: 132 kV, 33 kV, 11 kV and 400/230 V. The frequency is fixed to 50 Hz, as the European electrical grid. Figure 3 shows the electric grid of the Maltese Archipelago. Figure 3 shows the electric grid of the Maltese Archipelago. In Figure 4 , electrical energy generation by fuel in Malta is shown, during the period 1971-2013. This trend is characterized by an important increase, from about 300 GWh/year in 1971 to 2254 GWh/year in 2013, during which 2216 GWh/year was produced from oil plants, 6 GWh/year from biofuels and 32 GWh/year from photovoltaic plants [19] . Therefore, renewable energy production has a marginal role in comparison to the other European countries. In Figure 4 , electrical energy generation by fuel in Malta is shown, during the period 1971-2013. This trend is characterized by an important increase, from about 300 GWh/year in 1971 to 2254 GWh/year in 2013, during which 2216 GWh/year was produced from oil plants, 6 GWh/year from biofuels and 32 GWh/year from photovoltaic plants [19] . Therefore, renewable energy production has a marginal role in comparison to the other European countries. In Figure 4 , electrical energy generation by fuel in Malta is shown, during the period 1971-2013. This trend is characterized by an important increase, from about 300 GWh/year in 1971 to 2254 GWh/year in 2013, during which 2216 GWh/year was produced from oil plants, 6 GWh/year from biofuels and 32 GWh/year from photovoltaic plants [19] . Therefore, renewable energy production has a marginal role in comparison to the other European countries. Figure 5 shows the typical electrical load profile in Malta's archipelago during the four seasons (2012) [20] . The graph shows a significant increase of electrical demand during summer, due to tourists' arrivals: the minimum power request in summer is close to the maximum request during spring or autumn. The peak of request is placed between 4 p.m. and 8 p.m. for most of the year. In summer, the peak of request is shifted to 1 p.m.
Energies 2016, 9, 1034 5 of 17 Figure 5 shows the typical electrical load profile in Malta's archipelago during the four seasons (2012) [20] . The graph shows a significant increase of electrical demand during summer, due to tourists' arrivals: the minimum power request in summer is close to the maximum request during spring or autumn. The peak of request is placed between 4 p.m. and 8 p.m. for most of the year. In summer, the peak of request is shifted to 1 p.m. The great difference in electricity consumption between summer and other seasons is largely due to the buildings conditioning: in fact, during the summer, the building cooling is almost exclusively realized by using air-to-air heat pumps; in winter, instead, the building heating is essentially realized by using fossil fuel boilers and marginally heat pumps and electric heaters [20] .
Finally, Figure 6 shows the electrical demand measured by Enemalta, during the year 2012 [20] . The graph confirms the presence of significant fluctuations in electrical load, during the days and year. It also shows a significant reduction in demand at the weekends. 
Sea Wave Energy Resource
The use of wave energy is able to reduce the energetic dependence of Mediterranean islands on fossil fuels. This important target presents different advantages, such as the reduction of imports of exogenous fossil fuels from unstable countries, the abatement of greenhouse gas emissions (especially CO2) and the creation of a working industry strongly linked to the territory. Nowadays, wave energy represents a renewable source totally unused in Malta, despite its 140 km of coasts. Moreover, the ratio of territorial waters to the land area in Malta is very high, approximately 10, with 3000 km 2 of territorial waters [21] . This means that the exploitable areas are characterized by a great extension, The great difference in electricity consumption between summer and other seasons is largely due to the buildings conditioning: in fact, during the summer, the building cooling is almost exclusively realized by using air-to-air heat pumps; in winter, instead, the building heating is essentially realized by using fossil fuel boilers and marginally heat pumps and electric heaters [20] .
Finally, Figure 6 shows the electrical demand measured by Enemalta, during the year 2012 [20] . The graph confirms the presence of significant fluctuations in electrical load, during the days and year. It also shows a significant reduction in demand at the weekends.
The use of wave energy is able to reduce the energetic dependence of Mediterranean islands on fossil fuels. This important target presents different advantages, such as the reduction of imports of exogenous fossil fuels from unstable countries, the abatement of greenhouse gas emissions (especially CO2) and the creation of a working industry strongly linked to the territory. Nowadays, wave energy represents a renewable source totally unused in Malta, despite its 140 km of coasts. Moreover, the ratio of territorial waters to the land area in Malta is very high, approximately 10, with 3000 km 2 of territorial waters [21] . This means that the exploitable areas are characterized by a great extension, 
The use of wave energy is able to reduce the energetic dependence of Mediterranean islands on fossil fuels. This important target presents different advantages, such as the reduction of imports of exogenous fossil fuels from unstable countries, the abatement of greenhouse gas emissions (especially CO 2 ) and the creation of a working industry strongly linked to the territory. Nowadays, wave energy represents a renewable source totally unused in Malta, despite its 140 km of coasts. Moreover, the ratio of territorial waters to the land area in Malta is very high, approximately 10, with 3000 km 2 of territorial waters [21] . This means that the exploitable areas are characterized by a great extension, with a great total energetic potential that can be properly used in order to produce electrical output thanks to appropriate conversion devices. The additional advantage is linked to the preservation of the small area of Maltese soil from the installation of further power plants.
During these years, different works focused their attention on the assessment of wave energy potential along the Mediterranean Sea. For example, Iglesias et al. evaluated the energy potential along Spanish coasts [22] , Guillou and Chapalain on French coasts [23] , and Vicinanza et al. on Italian coasts [24] .
As shown in Figure 7 , the energy potential is higher in winter than in summer. Intermediate conditions are in spring and autumn [25] . In the figure, we can identify the hot spots, i.e., the sea regions characterized by high energy potential [22] . with a great total energetic potential that can be properly used in order to produce electrical output thanks to appropriate conversion devices. The additional advantage is linked to the preservation of the small area of Maltese soil from the installation of further power plants. During these years, different works focused their attention on the assessment of wave energy potential along the Mediterranean Sea. For example, Iglesias et al. evaluated the energy potential along Spanish coasts [22] , Guillou and Chapalain on French coasts [23] , and Vicinanza et al. on Italian coasts [24] .
As shown in Figure 7 , the energy potential is higher in winter than in summer. Intermediate conditions are in spring and autumn [25] . In the figure, we can identify the hot spots, i.e., the sea regions characterized by high energy potential [22] . In particular, the region in the west of Sardinia is the more energetic, with a yearly average sea wave energy flux higher than 10 kW/m (23 kW/m during winter) [26] . Other interesting areas are in the east and south of Sicily, with an energy flux between 6 and 9 kW/m [25] . The Maltese Archipelago is located exactly in this area.
The studies demonstrated that the wave energy resource of the Mediterranean Sea is lower than in other European areas, such as in north-west Europe [27] . This is linked to the enclosed structure of the Mediterranean Sea, surrounded by mountain chains that reduce the wind energy. However, this particular condition involves different advantages: the calmer sea climate defines less rigorous conditions for those Wave Energy Converters (WECs) that will be employed off-shore, with a lower risk of failure due to breakdown or malfunctions [28] . A calmer sea climate avoids an excessive oversizing of WECs too. Particularly, the central location of Malta in the Sicilian Channel determines a favorable condition in order to create the first commercial wave farms in the Mediterranean Sea.
A good validation of the energy theoretically extractable from sea wave is fundamental in order to increase the interest about this important renewable source and to improve new technologies of conversion.
The in situ measurements along Maltese coasts was realized with a single Datawell Waverider buoy, which was installed about 2 km west of the Gozo coastline, in a depth of 200 m [29] . Figure 8 shows the location of the measuring buoy along Maltese coasts. The use of wave buoys has a fundamental role in order to have some first data about wave potential with an experimental measurement campaign. However, they are usually too expensive, so they are used only in a first part of an assessment, especially in order to validate software data. The Gozo wave buoy was able to define the wave climate in Gozo and In particular, the region in the west of Sardinia is the more energetic, with a yearly average sea wave energy flux higher than 10 kW/m (23 kW/m during winter) [26] . Other interesting areas are in the east and south of Sicily, with an energy flux between 6 and 9 kW/m [25] . The Maltese Archipelago is located exactly in this area.
The in situ measurements along Maltese coasts was realized with a single Datawell Waverider buoy, which was installed about 2 km west of the Gozo coastline, in a depth of 200 m [29] . Figure 8 shows the location of the measuring buoy along Maltese coasts. The use of wave buoys has a fundamental role in order to have some first data about wave potential with an experimental measurement campaign. However, they are usually too expensive, so they are used only in a first part of an assessment, especially in order to validate software data. The Gozo wave buoy was able to define the wave climate in Gozo and in the north-west part of the Maltese Archipelago, while it was also useful to know the wave energy potential along all the coasts. Additionally, maintenance costs usually reduce the measurement period to some years. In the case of Gozo's wave buoy, measurements were performed from 14 September 2011 to 13 September 2012 [29] , in order to know the seasonal variation of the wave climate.
Energies 2016, 9, 1034 7 of 17 in the north-west part of the Maltese Archipelago, while it was also useful to know the wave energy potential along all the coasts. Additionally, maintenance costs usually reduce the measurement period to some years. In the case of Gozo's wave buoy, measurements were performed from 14 September 2011 to 13 September 2012 [29] , in order to know the seasonal variation of the wave climate. The main parameters that define wave energy resources are Significant Wave High and Energy Period . The first one is measured in meters, the second one in seconds. For each sea state, using 1025 kg/m 3 for the density and 9.807 m/s 2 for the gravitational acceleration [29] , the corresponding wave power is calculated through this expression:
Finally, the annual average wave power must be multiplied by 8760 h (hours in one year) in order to obtain the total energy, expressed in MWh/year. The next step consists of the use of the SWAN (Simulating Wave Nearshore) model hindcast 3-hourly fields, which is characterized by 89,701 grid points around the Maltese islands [29] .
This model is particularly advantageous with propagation problems from deep waters up to the coasts. Both buoy data and SWAN data have highlighted an important seasonal variability of sea wave power along Maltese coasts. Wave power is characterized by high values during the winter season, which decrease in autumn and spring while the minimum values are recorded in summer. Moreover, winter wave power is more than double the annual average, as shown in Figure 9 , obtained from the data reported in [29] . The main parameters that define wave energy resources are Significant Wave High H s and Energy Period T e . The first one is measured in meters, the second one in seconds. For each sea state, using 1025 kg/m 3 for the density ρ and 9.807 m/s 2 for the gravitational acceleration g [29] , the corresponding wave power is calculated through this expression:
This model is particularly advantageous with propagation problems from deep waters up to the coasts. Both buoy data and SWAN data have highlighted an important seasonal variability of sea wave power along Maltese coasts. Wave power is characterized by high values during the winter season, which decrease in autumn and spring while the minimum values are recorded in summer. Moreover, winter wave power is more than double the annual average, as shown in Figure 9 , obtained from the data reported in [29] . Therefore, mean power values obtained with SWAN model data are very similar to those obtained with the wave buoy, although slightly lower. Furthermore, this seasonal trend can be useful, because it is opposite to the solar trend and the two trends may offset each other. Figure 10 reveals that the most advantageous location is the western coasts of the islands, due to the north-west prevalent direction of sea waves. An annual average power of 5 kW/m is considered here, which is a good value due to the high depth of the seabed even near the coast. Finally, Figure 11 reports the scattering table of Maltese sea waves, generated by the SWAN model. As shown in the picture, the most energetic sea states are characterized by a significant wave height ranging from 0.5 m to 3.5 m and an energetic period ranging from 3.5 s to 9.0 s. Therefore, mean power values obtained with SWAN model data are very similar to those obtained with the wave buoy, although slightly lower. Furthermore, this seasonal trend can be useful, because it is opposite to the solar trend and the two trends may offset each other. Figure 10 reveals that the most advantageous location is the western coasts of the islands, due to the north-west prevalent direction of sea waves. An annual average power of 5 kW/m is considered here, which is a good value due to the high depth of the seabed even near the coast. Therefore, mean power values obtained with SWAN model data are very similar to those obtained with the wave buoy, although slightly lower. Furthermore, this seasonal trend can be useful, because it is opposite to the solar trend and the two trends may offset each other. Figure 10 reveals that the most advantageous location is the western coasts of the islands, due to the north-west prevalent direction of sea waves. An annual average power of 5 kW/m is considered here, which is a good value due to the high depth of the seabed even near the coast. Finally, Figure 11 reports the scattering table of Maltese sea waves, generated by the SWAN model. As shown in the picture, the most energetic sea states are characterized by a significant wave height ranging from 0.5 m to 3.5 m and an energetic period ranging from 3.5 s to 9.0 s. Finally, Figure 11 reports the scattering table of Maltese sea waves, generated by the SWAN model. As shown in the picture, the most energetic sea states are characterized by a significant wave height ranging from 0.5 m to 3.5 m and an energetic period ranging from 3.5 s to 9.0 s. 
DEIM Point Absorber
This work proposes an innovative WEC, currently at the design stage by Department of Energy, Engineering Information and Mathematical Models (DEIM) of University of Palermo [30] . Figure 12 shows a representation of a Point Absorber, a technology proposed thanks to its ability to convert wave potential in electrical output directly, without the use of pressurized liquids (such as oils or waters) or other intermediate devices [31] .
Moreover, it is able to work adequately with any direction of wave propagation, which is a really important characteristic [32] . A DEIM Point Absorber has a rated power of 80 kW and it is composed by eight single linear generators, each with a rated power of 10 kW. It consists of two floating buoys, independent of each other [33] . The external one (yellow buoy) intercepts the sea waves, while the central one (green buoy) is fixed to the seabed by moorings. Inside the internal buoy, the eight linear permanent magnet generators are installed. The alternate motion of the sea waves is transferred from the external buoy to the internal one thanks to the connecting rods (pink rods).
On the lower part of the internal buoy is located a hemispherical weight (pink in the picture) in order to confer greater stability to the system, guaranteeing its correct vertical positioning. This hemispherical weight is connected to a jumper buoy (yellow sphere) through a big chain, while the same jumper is connected to four moorings, placed on the seabed. In this way, the four chains, connecting the moorings and jumper, are constantly maintained in a vertical position, avoiding the scraping of the seabed. An intermittent red position lamp is positioned on top of the buoy, making visible the WEC up to several nautical miles away [34] . As shown in Figure 12 , a photovoltaic panel can be installed in the upper part of the WEC.
The capture buoy has a useful diameter of 10 m, while the linear generators have a working stroke of 4 m. So, they are able to convert energy with agitated sea states too, which are the most energetic states. The innovative aspect of the project is related to the use of a particular type of linear electrical generator that directly converts mechanical energy from sea wave to electrical output without the use of brushes or other mechanical devices.
Each linear generator is composed by a translator and a stator. The first part is composed by 132 neodymium-iron-boron permanent magnets, which are able to produce a magnetic field without an electrical energy request. The second one contains the coils, with a three-phase connection, representing the magnetic circuit. End stroke springs are installed in the upper and lower part of the central buoy, in order to avoid any device damage due to bad weather [35] . Figure 13 represents a cross section of the conversion buoy, in which the eight linear generators are visible, with the connecting road and the springs installed in the upper and lower part of the case. 
Each linear generator is composed by a translator and a stator. The first part is composed by 132 neodymium-iron-boron permanent magnets, which are able to produce a magnetic field without an electrical energy request. The second one contains the coils, with a three-phase connection, representing the magnetic circuit. End stroke springs are installed in the upper and lower part of the central buoy, in order to avoid any device damage due to bad weather [35] . Figure 13 represents a cross section of the conversion buoy, in which the eight linear generators are visible, with the connecting road and the springs installed in the upper and lower part of the case. In this work, an overall efficiency of 50% is considered [36] , according to the experimental tests on a small-scale prototype of a linear generator in the laboratory [37] . This is a simplified approach used to realize a first preliminary evaluation of sea wave energy potential. The following results can be used as a starting point for further analysis, which will be conducted as soon as we have the first data from a full-scale prototype.
Energetic Scenario Based on Wave and Photovoltaic Farms
The strategic position in the middle of the Mediterranean Sea and the quite high wave energy potential make Malta one of the best sites for the employment of the innovative Point Absorber here proposed. Moreover, DEIM WEC will be able to increase energetic independence of this country, currently at a very low level. The optimal collocation of the installation sites will be chosen according to different standards, in order to not influence main maritime routes and activities such as fishing [38] . It is important to say that fishing does not have a main role in the Maltese economy and the offshore installation of buoys (several kilometers away from the coast) will contribute to the reduction of visual impact from the mainland. Additionally, renewable energy sources will help the local economy, thanks to the creation of a supply chain that does not exist nowadays [39] . Figure 13 represents Maltese annual energy demand (GWh) and peak demand (MW) projections until 2035. They are both assumed to grow at 1% per year in the base case scenario and 0.5% per year in the low case scenario [40] .
Fixing 2025 as the reference year, the global electrical energy request will be about 2500 GWh/year, greater than the 2254 GWh/year registered in 2013. Here, wave source and off-shore photovoltaic (PV) technology are proposed.
The following Equation (2) is used to evaluate the rated power of all wave farms, considering the rated power of a single point absorber ( , ), the number of devices installed in a single wave farm ( ) and the number of wave farms ( ). In order to evaluate the electrical energy production by sea wave, a simplified approach is considered. Equation (3) estimates the electrical output, considering the average sea wave power flux ( ), the external diameter of a single wave converter In this work, an overall efficiency of 50% is considered [36] , according to the experimental tests on a small-scale prototype of a linear generator in the laboratory [37] . This is a simplified approach used to realize a first preliminary evaluation of sea wave energy potential. The following results can be used as a starting point for further analysis, which will be conducted as soon as we have the first data from a full-scale prototype.
The strategic position in the middle of the Mediterranean Sea and the quite high wave energy potential make Malta one of the best sites for the employment of the innovative Point Absorber here proposed. Moreover, DEIM WEC will be able to increase energetic independence of this country, currently at a very low level. The optimal collocation of the installation sites will be chosen according to different standards, in order to not influence main maritime routes and activities such as fishing [38] . It is important to say that fishing does not have a main role in the Maltese economy and the off-shore installation of buoys (several kilometers away from the coast) will contribute to the reduction of visual impact from the mainland. Additionally, renewable energy sources will help the local economy, thanks to the creation of a supply chain that does not exist nowadays [39] . Figure 13 represents Maltese annual energy demand (GWh) and peak demand (MW) projections until 2035. They are both assumed to grow at 1% per year in the base case scenario and 0.5% per year in the low case scenario [40] .
The following Equation (2) is used to evaluate the rated power of all wave farms, considering the rated power of a single point absorber (P C,Rated ), the number of devices installed in a single wave farm (n C ) and the number of wave farms (n F ). In order to evaluate the electrical energy production by sea wave, a simplified approach is considered. Equation (3) estimates the electrical output, considering the average sea wave power flux (ϕ m ), the external diameter of a single wave converter (D C ), its overall efficiency (ε C ), the total number of installed devices (n C n F ) and, finally, the number of hours per year (h year ).
P WF = P C,Rated n C n F (2)
All parameters are reported in Table 1 . According to this simplified evaluation, the installation of 12 wave farms based on the DEIM Point Absorber along the western coast of Malta and Gozo, will generate 236,520 MWh/year. This production represents 9.5% of the overall electrical energy request in 2025. The total installed capacity is 86 MW. Each wave farm will consist of three lines of 30 WEC. Figure 14 shows the layout of the wave farm. ( ), its overall efficiency ( ), the total number of installed devices ( ) and, finally, the number of hours per year (ℎ ).
All parameters are reported in Table 1 . According to this simplified evaluation, the installation of 12 wave farms based on the DEIM Point Absorber along the western coast of Malta and Gozo, will generate 236,520 MWh/year. This production represents 9.5% of the overall electrical energy request in 2025. The total installed capacity is 86 MW. Each wave farm will consist of three lines of 30 WEC. Figure 14 shows the layout of the wave farm. The minimal distance between each WEC is fixed to 51 m, about ten times greater than the radius of the external buoy (see Figure 15 ). This length is selected in order to minimize the interferences between the buoys of the wave farm [41] . So, a single wave farm covers an area with a length of 1500 m and a width of 120 m. The minimal distance between each WEC is fixed to 51 m, about ten times greater than the radius of the external buoy (see Figure 15 ). This length is selected in order to minimize the interferences between the buoys of the wave farm [41] . So, a single wave farm covers an area with a length of 1500 m and a width of 120 m. The integration of solar photovoltaic panels is also considered. The solar system could be installed in the upper part of wave converter, increasing the electrical output of the device. Table 2 reports the daily and monthly average solar radiation in Malta [42] [43] [44] . According to these data, the annual solar radiation in Malta is equal to 1915 kWh/m 2 . Equation (4) is used to evaluate the global installed power by photovoltaic panels, considering the standard solar radiation ( , ), the surface ( ) of photovoltaic panels installed on a single wave converter, the total number of wave converters and the electrical efficiency of photovoltaic panels [45] . Equation (5) is used to evaluate the global electrical energy production by photovoltaic panels. All solar parameters are reported in Table 3 . According to this analysis, the solar source can be used to increase the electrical energy production, through the installation of 9.6 MWp, generating about 18.3 GWh/year that represents 0.73% of the overall electrical energy production in 2025.
Therefore, adding the electrical energy production from sea wave to solar photovoltaics, the global production is equal to 254.8 GWh/year that represents about 10.2% of the overall electrical energy request in 2025. The integration of solar photovoltaic panels is also considered. The solar system could be installed in the upper part of wave converter, increasing the electrical output of the device. Table 2 reports the daily and monthly average solar radiation in Malta [42] [43] [44] . According to these data, the annual solar radiation I year in Malta is equal to 1915 kWh/m 2 . Equation (4) is used to evaluate the global installed power by photovoltaic panels, considering the standard solar radiation (I PV,Std ), the surface (S PV ) of photovoltaic panels installed on a single wave converter, the total number of wave converters n C n F and the electrical efficiency of photovoltaic panels [45] .
P PVF = I PV,Rated S PV n C n F ε PV (4) E PVF = I year S PV n C n F ε PV (5) Equation (5) is used to evaluate the global electrical energy production by photovoltaic panels. All solar parameters are reported in Table 3 . According to this analysis, the solar source can be used to increase the electrical energy production, through the installation of 9.6 MW p , generating about 18.3 GWh/year that represents 0.73% of the overall electrical energy production in 2025.
Therefore, adding the electrical energy production from sea wave to solar photovoltaics, the global production is equal to 254.8 GWh/year that represents about 10.2% of the overall electrical energy request in 2025.
Finally, considering the CO 2 emission factor γ CO 2 for the Delimara power plant (0.682 t CO 2 /MWh) [46], the avoided CO 2 emissions related to renewable energy are evaluated, by Equations (6) 
As reported in Table 4 , the wave farms proposed in this paper avoid the emission of 161,307 tons of CO 2 . The integration of photovoltaic panels on wave converters avoids another 12,497 tons of CO 2 . The overall avoided CO 2 emission is equal to 254,844 tons. 
Conclusions
The correct use of Renewable Energies, especially wave energy, will contribute to the reduction of the dependence of the Maltese islands on exogenous fossil fuels, limiting the emissions of greenhouse gases due to the energy sector and global warming. Moreover, the innovative WEC will be able to exploit hundreds of kilometers of coastline, nowadays totally unused. In the end, this technology will be properly integrated with other conversion devices, such as the off-shore photovoltaic one, in order to increase renewable energy production in the same area, making wave farms even more competitive. The authors estimate that the electrical energy production from sea wave and off-shore photovoltaic will represent about 10.2% of the total share in 2025, which is a very remarkable goal in the short-term.
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